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LIST OF SYMBOLS 
A orifice area. 
b width of bimetal. 
C heat transfer constant. 
C. orifice coefficient for fixed orifices. 
d 
C orifice coefficient for flapper orifices. 
c heat capacity of air at constant pressure. 
D free thermal deflection of bimetal. 
D deflection of bimetal caused by opposing load. 
d diameter of an orifice. 
F air flow-force on the flapper. 
F load on the bimetal lever. 
g acceleration of gravity. 
K ratio of specific heats. 
K mass ratio = (m n + m )/m . 








bimetal coil deflection constant 
K bimetal coil torque constant. 
IT \j 
k in an amplifier, the ratio of the width of the control orifice 
to the width of the power orifice. 
L (1) in the bimetal, the length of the bimetal strip. 
(2) in the sensor, the distance between flapper nozzles 
m 
Ix 
(less thickness of flapper). 
(3) in an amplifier, the distance from the power nozzle receiving 
aperature. 
specific deflection of the bimetal (D -D_)/D . 
M or m mass flow of air. 
M 
( P . / P / ^ - (v2/Fl)
(k-1)/K 1/2 
K_1 2 (K 1)/(K-1) 
K K 1 
P air pressure, 
R universal gas constant 
r on the bimetal, the radius to the point load application. 
T temperature. 
t thickness of the bimetal. 
w width of an amplifier channel or orifice. 
x deflection of the bimetal. 
0 angle of deflection of the power jet in an amplifier. 
p density of fluid. 
Subscripts 
A designation for the parameters on one side of the temperature 
sensor. 
a, amb ambient conditions. 
B designation for parameters on the side opposite A in the temperature 
sensor. 
1 left. 
m,mix mixing tube conditions. 
X 
0 output conditions, or relating to the power orifice of an amplifier, 
out output conditions. 
r r i gh t. 
s supply. 
1 designation fjr parameters relating to the first orifice in either 
side of the temperature sensor. 
2 designation for parameters relating to the flapper orifice on either 
side of the temperature sensor. 
designation for parameters relating to the output orifice on either 
side of the temperature sensor. 
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SUMMARY 
The object of this study is to apply a Hilsch tube as a pure fluid 
device and to utilize it both as a heat source and heat sink for a fluidic 
temperature control system. The hot and cold air produced by the vortex 
tube are passed through two proportional fluidic controllers and mixed 
in a container where the ambient temperature is to be controlled. A fluidic 
temperature transducer which has a thermostatic bimetal sensor provides 
the feedback signal. This signal is amplified by a cascade of fluidic 
proportional amplifiers to provide the control inputs to the Hilsch tube 
flow control elements. These elements regulate the amount of hot and cold 
air that flow into the container, and thus regulate the temperature, 
In the original design from which the fluidic amplifiers were 
constructed, some improper impedance matching calculations were made. 
The proper amplifier geometry has been calculated and is presented in 
Appendix III. This impedance mismatch caused the overall gain of the con-
trol system to be very low. The response of each component is presented, 
however. 
The thermal efficiency of the system is rather low, but this can 
be improved. There is also some need to decrease the rather high air 
power consumption of the sytem. 
The control system is very reliable since it has no moving parts 
and only two necessary energy transducers, the Hilsch tube and the 
temperature sensor, between heat and fluid flow. Auxiliary transducers 
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and power supplies are elimir.tated by utilizing air for both the heat 




The Control System 
Since the development of pure-fluid devices in the early 1960's, 
the field now known as fluidics has become quite important in automatic 
control. The use of a fluid as the working medium in these control de-
vices leads to the idea that fluidics might be easily adapted to the 
temperature control of a fluid. Using fluidic devices, a temperature 
control system might be conceived which used the same fluid as the con-
trolled medium and working medium. More specifically, it should be 
possible to build a system which controlled the temperature and flow of 
a fluid by means of the fluid itself. 
If the fluid selected for the system is a gas, particularly air, 
then the hot and cold gas necessary for the control system may be pro-
duced by a Hilsch tube. The Hilsch tube is also a pure-fluid device, 
although it was first developed in the 19 30Ts, long before fluidics was 
conceived. In general, a Hilsch tube is a device which separates a 
compressed gas jet at room temperature into a hot stream and a cold 
stream by vortex action. 
Thus, by utilizing a Hilsch tube and several fluidic elements, 
this research proposes to design and construct a fluidic temperature 
control system to regulate the air temperature in a small enclosure. 
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air jets. The flow of these jets into the mixing container where the 
air temperature is to be regulated will be controlled by two fiuidic pro-
portional amplifiers. A temperature sensor and fiuidic amplifiers will 
provide the feedback to the control ports of the proportional controllers 
(see Fig. 1). A bimetallic strip will serve as the temperature sensor, 
as explained below. 
With the exception of the mechanical deflection of the bimetal 
strip, the system will be entirely fiuidic and have no moving parts. For 
this reason it should be very reliable and free from the need for much 
service. The manual adjustments to be made are adjusting the back pressure 
on the Hilsch tube for the optimum temperature differential, balancing 
the hot and cold flows to a good operating point in the controllers, 
zeroing the temperature sensor at the desired temperature, and setting 
the regulators on the inlet air flow. All of these will be adjusted only 
once for a given operating condition and require no further variation, 
as long as the air supply does not vary. 
Literature Review 
Hilsch Tube 
M. Georges Joseph Ranque, a French metallurgist, first reported on 
vortex tubes in 1931 in a paper read to the Societe Francaise de Physique 
(1). He first noticed the vortex cooling effect in connection with cyclone 
separators, and built a device to duplicate the effect. He applied for 
French and U. S. patents on the device in 19 31 and 1932, respectively. 
Later research proved the vortex to be less efficient than an ordinary 
refrigerator and nothing more was heard of the device until 1946. 
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During the Second World War a German low-temperature physicist named 
Rudolf Hilsch perfected the device and wrote a description of it in 1946, 
After the war several American scientists visited Hilsch's laboratory 
at Erlangen University and found the vortex tube and his thesis. Hilsch's 
thesis (2) was translated by I. Estermann, of the Carnegie Institute of 
Technology, and its circulation started a flood of research to explain 
the mechanism of the "Hilsch tube" and to find a practical use for it. 
There were several varying theories on the operation of the device 
(16-24), but very few practical applications. 
There are cwo major reasons for the lack of applications for this 
apparently marvelous instrument: 1) it has a low cooling efficiency as 
a refrigerator and 2) the applications have attempted to use only the 
cold air side for cooling or refrigeration, neglecting the warm air. 
Not until quite recently has there developed any interest in the vortex 
tube as both a heat source and sink (4), No known attempt has previously 
been made to apply the Hilsch tube to fluidic uses 
Fluidics 
Research in pure-fluid systems first began in 1959 at the Harry 
Diamond Ordnance Fuze Laboratories using the inventions of B. M. Horton, 
R. W. Warren, and R. E. Bowles (5). During the development of pure-
fluid devices, many control and amplification components were developed 
to perform different functions. One of the most important devices and 
the only one used in this system is Horton's Stream Interaction Amplifier 
or proportional fluid amplifier. In this control system the proportional 
amplifier is used for two different functions: 1) to amplify the feedback 
control signal, and 2) to proportionally control the flow of the hot and 
n< 
cold jets from the Hiisch tube. 
Fluidic amplifier design is still the object of intense research. 
Most of the critical parameters and their effects are known, but there 
still are no well-defined models which meet all design criteria (6-8). 
Temperature Sensor 
Some literature research was necessary in order to determine what 
type of temperature sensor could best be adapted to a pure fluid system 
with satisfactory sensitivity. Generally, a sensor with the following 
qualifications was sought; 
It must be able to sense at least a 2°F temperature change 
between the range of -503F and 200°F. 
It must be an active device that can produce an output proportional 
to the temperature change. 
The output should preferably be an air pressure or flow, eliminat-
ing the need for a transducer. 
It stiould have a high reliability. This infers few, if any, 
moving parts. 
It should be as simple and compact as possible. 
These restrictions immediately eliminated thermocouples and all 
electrical sensing devices because they would require a transducer. 
They also eliminated thermomenters and other sensors which had no usable 
output. The first sensor actually considered turned out to be the best 
from every standpoint - a thermostatic bimetal. It could be designed to 
meet all of the qualifications above. 
As explained more fully later, a bimetal was designed whicn moved 
a flapper in front of an orifice as it deflected with temperature changes. 
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This idea was derived from the flapper valve pneumatic controllers dis-
cussed by Blackburn, Rethoff, and Shearer, (10)s and By Gibson and Tuteur 
(12). The motion of the flapper varied the pressure between two orifies 
in series. This pressure was tapped and utilized as the output signal. 
A second set of orifices was placed on the opposite side of the flapper, 
so that as the pressure in one side went up, the pressure in the other 
side went down. The pressures change between the two sides was amplified 
through three cascaded proportional amplifiers and used as the feedback 
control signal. 
Another interesting temperature sensor was found which was completely 
fluidic (9). It employed a fluidic oscillator whose frequency varied with 
the temperature change of the gas it operated on. When beat against an 
oscillator of known frequency, it could be calibrated to the temperature. 
This sensor was not selected for the present system because it required 
considerable auxiliary pulse modulation equipment to obtain an output 
and was bulky and complex. This sensor alone was more complex than the 
entire system here being designed. 
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CHAPTER IT 
THEORY OF OPERATION 
Taking each system component individually, let us now analyze the-
oretically how and why the system operates. 
Hilsch Tube 
Despite the volumes of theoretical and experimental literature 
published in the last 35 years on the vortex tube, there is still much 
dissension over the mechanism involved. There is a certain amount of 
agreement, however, on the tube's principle. Air at room temperature and 
high pressure is passed through a nozzle entering the circular tube tangen-
tially and forming a vortex. Internal friction between the molecules ro-
tating in the vortex attempts to reduce all of the molecules to the same 
angular velocity. This causes the molecules at the core to slow down and 
those at the periphery to speed up which amounts to the flow of work or 
kinetic energy from the center to the outer edge of the vortex. The 
resulting temperature gradient tends to cause heat flow in the opposite 
direction, but not nearly as rapidly. 
An additional cooling effect comes from the centrifugal force of 
the vortex itself. It causes a pressure gradient of hot, dense gas at 
the periphery and cold, lower pressure gas at the core. Any molecule 
dropping to the center of the spiral is thus cooled by expansion from a 
high pressure layer to a lower pressure layer. 
The result is that while the gas is spiraling down the tube, 
a core of cold air is produced at the central axis and an annulus of 
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hot air is formed at the periphery. Under these conditions, the low 
pressure air at the core would draw atmospheric air into the tube through 
the central orifice. To avoid this a regulating valve is placed downstream 
in the hot arm of the tube to produce a back pressure in the chamber forcing 
the cold air to escape out the orifice. Thus, hot air is obtained at one 
end of the tube and cold air at the other. The back pressure valve on the 
tube may be "tuned" for an extreme temperature with low flow at either end, 
or for a higher flow rate but less extreme temperatures. 
Proportional Amplifier 
The proportional amplifier is also variously known as a stream-
interaction or stream-deflection amplifier, analog amplifier, and beam 
deflection fluid amplifier. All of these names indicate to some extent its 
purpose or method of operation. At the exit of the supply tube, two 
smaller control jets are arranged at right angles to the power jet (see 
Fig. 2). The interaction of these two jets on the power jet causes it 
to deflect in the direction of the smaller control jet. This occurs through 
momentum interchange of the small jets on the large one. The two down-
stream output collectors receive fractions of the total flow in proportion 
to the amount of deflection of the power jet. 
The dimensions of the proportional amplifier may be varied slightly 
in order to emphasize either pressure gain, flow gain, or proportional 
division of the power jet. In this system proportional division of the 
power jet is employed in controlling the Hilsch tube flow and Corning 
proportional elements are used to obtain pressure amplification in the 
feedback loop. Flow gain is obtained in an intermediate amplifier 
Depth = 2w 
Figure 2. Enlarged Diagram of a Fluidic Proportional 
Amplifier Showing Typical Size Ratios 
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and the controllers. 
Temperature Sensor 
The temperature sensor used as the feedback element in the system 
is essentially a modification of the flapper valve principle often em-
ployed in pneumatic and hydraulic systems (10-12). Its electrical analogy 
is a voltage divider circuit with a variable load resistor. 
As the flow through the flapper valve varies with the motion of 
the flapper, the pressure in the upstream chamber between the orifices 
varies inversely (see Fig. 13). This pressure change causes a proportional 
change of flow in the branch connection, which is utilized as the control 
jet. The flapper is mounted on a spiralled bimetallic strip which deflects 
with ambient temperature changes, causing the motion of the flapper. 
Another set. of orifices are placed on the other side of the flapper. 
This set produces a control jet which varies inversely to the first one, 
The differential of the control pressures may be used to control a pro-
portional amplifier which amplifies the small control pressure up to a 
pressure level that can be used to control the Hilsch tube flows. Two 
Corning proportional pressure amplifiers and a flow amplifier in cascade 




The action of most physical systems; can be expressed by mathematical 
equations or models. From these models the. proper size for certain di-
mensions and physical parameters in relation to the rest of the system can 
be determined. This chapter deals with the derivation and solution of 
equations and models which represent the control system. 
Hilsch Tube 
As previously discussed, the mathematical analysis of the Hilsch 
tube is quite uncertain and very complex at best. Instead of designing 
a Hilsch tube, a previously published design by Blaber (13) having known 
characteristics was duplicated (Fig. 3). At four atmospheres inlet 
pressure, the maximum temperature differences between the hot and cold 
outlet sides should be about L40oFs according to Balber's data. Maintain-
ing this temperature difference while varying the back pressure, the cold 
outlet temperature should vary from 5°F to AO^F as the hot outlet varies 
from 1403F to 1903F. 
The Hilsch tube was constructed from teflon rod and tubing. This 
material was selected because of its temperature insulation qualities 
and its ease of machining. The parts were fastened with epoxy glue, 
then reinforced with mechanical fasteners. 
It was discovered during the process of experimenting with the 
Hilsch tube that the hot outlet tube, which was supposed to be about 
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Rubber Teflon 
Parts A & E Part B 
Part C Part D 
Figure 3. Hilsch Tube Construction Drawing 
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15-20 inches long, could be shortened to about 6 inches without noticeably 
affecting the temperatures of the outputs. This made the device easier to 
mount for display. 
A screw clamp on a piece of rubber tubing in the hot outlet line 
provided the feedback pressure regulation. Also, the output flows into 
the proportional controllers could be adjusted to a good operating point 
by partially opening a similar screw clamp arrangement tapped into each 
temperature line between the Hilsch tube and the controllers. 
Temperature Sensor 
The design of the temperature sensor begins with the bimetallic coil. 
This is the only purely linear element In the system. The equations used to 
design this component were obtained from the W.M. Chace Co. Thermostatic 
Bimetal Design Catalog (14) (see Appendix I). The Chace Company also 
provided free samples of their No. 2400 bimetallic strip which were used 
to fabricate the sensor. 
The fluidic portion of the sensor can be expressed mathematically 
by the equations shown in Appendix IT.. These equations are extemely non-
linear and cannot be easily linearized or expressed in transfer function 
form. To make the solutions of these equations useful, they were solved 
graphically, as shown in the appendix. 
In order to minimize the power consumption of the sensor and the 
temperature effects of its exhaust air, the orifices were made as small 
as practical. All four orifices were drilled in 3/16 inch brass rod with 
a number 60 drill bit (0.040 in."). The temperature effects of the exhaust 
air on the bimetal were reduced by attaching a plastic lever arm to the 
bimetal to serve as the flapper. Also, a plastic shield was placed be-
tween the bimetal and the flapper valves to direct the exhaust air away 
Temperature Sensor Schematic (approximately 
actual size). 
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from the bimetal. The air supply pressure was kept low (4-5 psig) to 
minimize the amount of air consumed by the sensor. 
Theoretically the sensor is composed of three orifices in each side 
of the circuit. In practice, however, the control orifice of the first 
stage pressure amplifier serves as the orifice for the branch of the circuit 
that provides the control pressure, 
The flapper orifice spacing determines, in part, the sensitivity 
of the sensor. For good response, the flapper should not be more than one 
orifice diameter from the nozzle. If the distance between the nozzles, 
excluding the thickness of the flapper, is greater than one orifice diameter, 
only the nozzle toward which the flapper is deflected will respond well. 
If the nozzle separation is greater than two orifice diameters, a dead zone 
will be produced in the center where neither nozzle will respond. If the 
nozzle separation is made about one orifice diameter or less, both nozzles 
will respond to a flapper deflection in the opposite manner. Good response 
was found for the sensor with a nozzle separation of about 1/32 inch. The 
separation distance may be varied by loosening two set screws and moving 
the nozzles. 
The sensor may be set to a desired temperature by biasing the 
flapper off center between the nozzles. bnless time is taken to calibrate 
the bimetal, which might be tedious, the amount of offset must be de-
termined by trial and error. An alternate method would be to expose the 
sensor to the desired temperature and then zero the flapper to balance 
the control pressures. The bimetal may be adjusted by loosening a set 
screw and rotating the bimetal holder. 
Fluid Amplifiers 
The design calculations for the fluid amplifiers came largely from 
models presented by Dexter (6) and Reilly (7) and from fundamental fluid 
flow equations. The design mode] equations are presented in Appendix III. 
The Corning amplifiers used in the first two stages of the feedback 
can each provide maximum pressure gains of five and six and at typical 
operating levels the gains are between two and four. These figures are 
from the manufacturer's data sheet as shown on pages 30 and 31. 
After the feedback pressure is built up to a substantial level 
(about 3 psig) by the Corning units, it can be used to provide the control 
signal to a flow amplifier. The flow amplifier uses a high pressure, low 
flow signal to control a high flow supply jet. The result is a much higher 
flow output at a lower pressure level. The power jet on this flow amplifier 
was designed for a 10 psig pressure drop across the power orifice. This 
provides a high flow using the same 10 psig supply pressure provided to 
the Corning amplifiers. The size of the control nozzles is determined by 
impedance matching and pressure ratios, as shown in Appendix III. 
The Hilsch tube controlling amplifiers were designed using about 
the same models and design criteria as the flow amplifier, except that 
different parameters were known initially (also in Appendix III). 
A few dimensional alterations were necessary between the design 
values and the sizes that could actually be fabricated. The two con-
trolling amplifiers were designed to have control ports 0.040 inches wide. 
These amplifiers were were to be machined on a vertical milling machine 
and the smallest end mill that was available was 1/16 inch. This means 
that it was necessary to make the control port areas 50 percent larger 
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than was designed. Also, it was planned to machine the amplifiers out 
of plastic to reduce thermal losses. Plastic is not easy to mill, however, 
so aluminum was accepted as a substitute material, 
In order to construct the smaller flow amplifier, it was necessary 
to find an easy way to fabricate an amplifier with small passages, pre-
ferrably from plastic. This was accomplished by cutting the amplifier 
profile out of a sheet of plastic, sawing it into sections, and gluing the 
sections in the proper proximity on a second piece of plastic, A feeler 
gauge was used to measure passage widths, but some difficulty was still 
encountered in duplicating the design calculations. As in the other am-
plifiers, a plastic cover plate was bolted over the open face of the 
amplifier. The plastic tubing connectors were made perpendicularly through 
the back of the amplifier by means of metal tubing. 
Temperature Controlled Environment 
The container in which the temperature was controlled had few re-
quirements concerning its design. The main limitation was the amount of 
cooling or heating which had to be provided for it by the control system. 
The heat balance equations for the temperature controlled box are shown in 
Appendix IV. 
The container used in this experiment had a volume of about 130 
cubic inches and was made of cardboard with a vent in the top. Holes 
were cut in the box for the two sensor air tubes, and ambient temperature 
measuring thermomenter, and the air mixing tube. 
The mixing tube was a device designed so that the net temperature 
of the hot and cold air entering the box could be measured. It consisted 
IK 
of a paper tube about three-quarters of an inch in diameter and three 
inches long, with one ead blocked. At the blocked end, the hot and cold 
air hoses entered the opposite sides of the tube. The two air streams 
mixed as they travelled down the tube and their resultant temperature 
was measured by a thermocouple near the open end of the tube. 
Inside the box were placed the sensor, a heater, a radiation heat 
shield, and the ambient temperature thermometer bulb. The radiation 
heat shield was simply a piece of cardboard which protected the temperature 
sensing devices from direct heat radiating from the tensor lamp which 
served as the heater. Convective heating (or cooling) was allowed to 
pass freely around the shield. 
A second thermometer was placed with its bulb in the exhaust vent 
on top of the box. It measured the outlet air temperature. 
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CHAPTER IV 
TESTS AND RESULTS 
Control System 
The actual response of each component in the block diagram could not 
be determined independently because certain parameters, such as flow rates, 
could not be accurately measured. To solve this problem, some of the 
components were lumped together and their combined open-loop response was 
determined. 
The flow amplifier and controllers were among the components which 
were lumped with other parts to determine the system response. Open-loop 
Test A was made to determine the mixing temperature that resulted for a 
given pressure differential placed across the flow amplifier control ports 
(see Figs. 21-25). At the same time the mixing temperature, the ambient 
temperature, and the exit temperature in the box ware plotted against 
time to determine the time response of the box, 
Open-loop Test B (Figs. 26-29) was the same as Test A except that 
the control pressure was placed into the opposite (lefc) side of the 
flow amplifier. In addition, the output pressures on either side of the 
sensor were recorded. Thus the sensor response would also be observed. 
Test C determines the open-loop response from the box through the 
sensor and pressure amplifiers. The heater was placed in the box and 
turned on; the flow amplifier was turned off. When the box heated up to 
a steady-state condition the lamp was turned off and the mixing, ambient, 
20 
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and outlet temperatures, as well as the Corning amplifier output pressures 
were recorded as a function of time. When the cool steady-state condition 
was reached, the reverse system response was recorded by turning the heater 
in again. 
The final test was the closed-loop response. In this test the 
entire loop was closed and every component activated. The data recorded 
were the mixing, ambient, and outlet box temperatures, the sensor output 
pressures, the pressure amplifier outputs, and the response time. 
The results of these tests are compared with the mathematical models 
and the differences discussed in the follox^ing chapter. 
Hilsch Tube 
The Hilsch tube, seems to have a reasonably linear relationship 
between the inlet pressure and the difference in the outlet temperatures. 
Over a pressure range from about 36 to GO psig the output temperature 
difference is about 100 °F with a variation of plus or minus 10 percent, 
depending on the back pressure setting and the inlet pressure, The. best 
operating point seems to be 40 psig supply pressure and the back pressure 
adjusted for a maximum hot temperature output. Actual numerical values 
of the output temperatures in this operating range are 130-155°F on the 
hot side and 25-45°F on the cold side. 
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CHAPTER V 
COMPARISON OF THE MATHEMATICAL AND 
EXPERIMENTAL MODELS 
The theoretical calculations from the design model and the test 
data are both available to characterize the response of several of the 
control system components. Some parts of the system were designed from 
theory and could not be accurately analyzed experimentally. Other parts 
were copied from components with a known response and their actual response 
was then measured experimentally. An attempt is made here to compare, 
A 
where possible, both experimental and theoretical data, and in other cases 
to take the data available and compare it with the response that might be 
expected. 
Temperature Sensor 
Both theoretical and experimental data are available on the tem-
perature sensor, as shown in Fig. 6. From this figure it can be seen 
that the actual response of the sensor Is somewhat less than that pre-
dicted by the theory. This difference can be attributed to factors in both 
the theory and the experimental procedure. 
Studying the theoretical calculations in Appendix II several 
assumptions are found which could have a notable effect on the sensitivity 
of the sensor. First, the assumption that the normalized force plot is 
symmetrical Is not exact and can only be an approximation at best. Also, 
_ _ ___ 
Complete experimental results are given in Appendix V, 
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psig 
Figure 6. Open-loop Response of the Temperature Sensor 
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the values in this plot and several other calculations can be varied by a 
change in the assumed values of the orifice coefficients. 
In the experimental model the accuracy in setting the nozzle sepa-
ration is important. This distance is not easily measured and a variation 
of less than one-thousandth of an inch has an appreciable effect on the 
sensor output. Inaccuracies in centering the flapper would have similar 
effects on the output. Finally, not all of the points on the experimental 
response curve are steady-state points. This would cause the pressure 
response to be low because of the time lag of the bimetal, as explained 
below. 
The time response of the sensor pressure to temperature changes 
is approximately a first order lag with a time constant of about 1/2 minute 
for a temperature change of 2°F. The theory assumes that the bimetal is 
at the ambient temperature, but actually it requires a finite time for the 
mass of the bimetal;, which was kept near the minimum, to changes its 
temperature. Thus the heating or cooling of the bimetal is the main factor 
in the time response of the sensor. 
Pressure Amplifiers 
The theoretical response of the pressure amplifiers is taken from 
the manufacturer's curves (see Figs. 7, 8), These curves give the typical 
gains and operating points for both the proportional and center dump 
amplifiers. The output bias pressure cannot be determined from these 
curves, however, only the differential output pressure can be found. 
The actual response of the pressure amplifiers was found by cross-
plotting data from Tests B and C. The resulting curve is shown in Fig. 9. 
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This curve is not especially accurate simply because it is a combination 
of data from two different tests, but it does give a good indication of 
the type of response that is obtained. The fact that this graph does not 
pass through the origin is partly due to fluctuations in supply pressure, 
accuracy in pressure measurement, and slight geometrical asymmetries in 
the amplifiers. 
Comparing the manufacturer's data and the experimental data it can 
be seen that the actual gain reaches about four while the theoretical gain 
at the operating pressure of about three psig, which was used, was about 
five. The Corning units are designed for a supply pressure of five psig 
and for loads of 0.98 and 0.84 times the receiver areas for the proportional 
and center dump amplifiers, respectively. The supply pressure actually 
used was ten psig. This difference will certainly affect the gain, but 
it was assumed to be a small error. The impedance matching error was a 
greater problem, however. Due to an error in some preliminary design 
calculations, the input impedance of the flow amplifier was made less 
than the output impedance of the Corning amplifier. This mismatch caused 
a lower overall pressure gain than might otherwise have been expected. 
The lower pressure gain may have been partially counteracted, however, 
by a slight increase in output flow from the second stage because of 
the lower impedance in the following stage, the flow amplifier. 
Flow Amplifier, Controllers, and Air Mixer 
The flow amplifier, controllers, and air mixer were lumped as one 
component experimentally because of difficulties in flow measurement. 
To avoid the use of the flow parameter, this lumped component is 
characterized by the pressure differential input to the flow amplifier 
iO 
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supply pressure = 5 psig 
load = 0.98 x receiver area 
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Figure 8. Typical Gain and Output Characteristics of the Corning 
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Figure 9. Open-loop Response of Pressure Amplifiers (two stages) 
(two stages) 
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and the output temperature of the mixer. The actual response of this 
"black box" is shown in figure 10. 
The theoretical response of this lumped component is not available 
because the temperature levels in the Hilsch tube, proportional controllers, 
and mixing tube could not be determined analytically. 
The fabrication and design problems previously noted in properly 
sizing the channels in the controllers again caused impedance mismatching. 
This lowered the flow gain of the proportionals and the final result was 
a narrower output temperature range than might have been expected. A 
temperature range of at least 30°F was expected, but the actual range is 
in the vicinity of 20°F. 
The time response of the temperature is determined mainly by the 
time it takes for the temperature of the controller to reach steady-state. 
This time lag is greatest at start-up, as might be expected, because the 
temperature change is the greatest.. At least fifteen minutes is usually 
required after start-up before the steady-state temperature is reached. 
This also includes the response time of the Hilsch tube, however. After 
the initial steady-state is attained, the Hilsch tube temperature does 
not change. At this point the temperature response to a change in input 
pressure requires less than one minute, regardless of the size of the 
temperature change. 
The input-output curve in figure 10 indicates that the hot 
temperature range is small, This response is due to the sensor response 
previously noted. Other factors that could contribute to an unbalanced 
response might be excessive dilution of the hot air by the control air, 
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Figure 10. Open-loop Response of the Flow Amplifier, Control 
Amplifiers, and mixing tube 
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Hilsch Tube 
M. P. Blaber (13), in his data on a modified Hilsch tube from which 
the one for this system was copied, states that at about 60 psig his tube 
could be set for a maximum temperature of 190°F or a minimum temperature 
of -5°F. If the hot and cold output flows are balanced at the same input 
pressure of 60 psig, the temperature extremes are 142°F and 12°F. 
The Hilsch tube bu: It for this project had very nearly the same 
dimensions as Blabers's. It was operated at 40 psig, a limit set by the 
capacity of the air system available. The limits on the temperature 
extremes were found to be 146°F and 9°F ac 40 psig. For approximately 
equal output flows, the temperature range is 130°F on the hot side and 
32°F on the cold side. Naturally these temperatures are attenuated as 
the air travels through the system. 
Temperature Controlled Container 
The equations expressing the theoretical heat balance in the 
temperature controlled box are shown in Appendix IV. There are an in-
finite number of operating conditions which could be substituted Into 
these equations and a response obtained for each one. 
Experimental thermal data from the previously described tests are 
available for the system. These data are not readily adaptable to the 
theoretical equations to solve for the flow because the air flow through 
the box was not controlled at a constant value for the two conditions, 
with and without the heater. This condition is required if m is to be 
found by simultaneous solution of the two heat balances. 
The open-loop temperature response of the box with no external 
heat source (lamp) adding heat to the system is shown in Fig. 11. The 
32 
drop of AT at AT =4° was caused by the limited response of the 
amb mix 
sensor, as described. Over most of the range the response appears to be 
linear. 
The time response of the box can also be seen from the graphs of 
Tests A and B, pp 66_74- For small changes in input temperature the 
ambient temperature, responded in less than one minute (the smallest 
time increment measured). For input changes of 8-10°F, as on start-up, 
the box required 10-12 minutes to reach a new steady-state condition. 
J3 
amb 




From the data comparison in the previous chapter and first-hand ex-
perience in the design and operation of the temperature control system, 
several basic conclusions may be drawn: 
1. The total system is inefficient and, without further improvement, 
can only be practical where a large supply of compressed air is 
inexpensively available. 
2. The system is highly reliable and requies no operator attention 
after it is initially adjusted and set into operation, 
3. The entire system operates off of a single air supply and 
requires no auxiliary power supplies of any sort. 
4. The only energy interfaces in the system are between temperature 
and pressure. 
5. The temperature sensor is quite accurate and its time response, 
though not considered rapid, is fast enough for this and most 
applications. It could be a useful control element in other 
fluidic systems. 
6. The pressure amplifiers operate well, although their actual 
gains could have been improved by closer matching of impedances. 
7. The gain and response of the flow and control amplifiers are 
very low and could have been improved significantly by better 
impedeance matching. 
J5 
8. The Hilsch tube, in spite of its inherent inefficiency has 
potential in the field of pure-fluid devices when utilized for both 




The two recommendations that would effect the greatest improvements 
in this system are increasing the gain of the fluidic amplifiers, and the 
thermal efficiency of the system. 
The entire response of this system could be enhanced by the use 
of more precisely constructed fluidic amplifiers. These could be either 
commercial units of the proper size, as indicated in Appendix III, or ones 
constructed in the laboratory by optical milling or other sophisticated 
techniques. The ones constructed for this project were not exactly 
symmetrical, and some difficulty was encountered in constructing the small 
passages required. 
The thermal efficiency of the system could be increased by im-
proving the efficiency of the Hilsch tube and by insulating the components 
and lines carrying hot and cold air. The Hilsch tube may be made more 
efficient by using a spiral vortex instead of a circular one. If a 
commercially manufactured or carefully machined vortex tube could be 
obtained, the difference in the hot and cold air temperatures could be 
significantly increased. These extreme temperatures could be maintained 
longer if some care were taken to insulate the system with asbestos or 
other thermal insulating material and shorten all tubing as much as 
possible, The temperature change across the controllers could be re-
duced by constructing the elements from plastic or glass. Also, some 
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of the thermal losses are due to the mixing of the room temperature control 
air with the high and low temperature air. This effect could be minimized 
by designing the proportional controllers for as high a flow gain as 
possible. Little care was taken with regard to thermal insulation because 
the initial and foremost object was the response and feasibility, rather 
than the range, or the control system. 
Finally, a few comments concerning the air supply might be helpful 
in future endeavors. The air supply used for this experiment could not 
be operated for more than 14-20 minutes before the supply pressure 
dropped below the 40 psig required to operate the Hilsch tube. This 
Hilsch tube and control system requires roughly four to six standard 
cubic feet per minute of flow at a minimum of 40 psig for as long as it 




For a spiral bimetal as shown in Figure 12 the deflection equation 
is 
mucmrA1 x = sTTT (1) 
and the load equation is 
KDCKPCb t 2 ( 1 " m ) A T 
F = -
U L F L (2) 
T 16 r K } 
where 
K_ = coil deflection constant in 1/°F. 
2 
K = coil torque constant in oz/in . 
t = thickness of bimetal in inches 
b = width of bimetal in inches 
r = radius to point of load application in inches 
m = specific deflection (Df - D-)/D 
D = free thermal deflection in inches 
D = deflection caused by opposing load, in inches 
AT = temperature change in °F 
x = deflection of bimetal in inches 
F = load in pounds 
T 
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Figure 12, Bimetal Showing Sign Convention and Deflection 
for an Increase in Temperature 





t = 0.015 in. 
Values selected for other parameters: 
b = 0.250 in. 
r = 1.00 in. 
m =0.67 (assumed for calculation of L) 
x = 0.10 in. maximum deflection 
AT = 30°F. required to produce 0.10 in. deflection 
Calculating the length of bimetal required (sign convention may 
neglected here): 
. 57.3 tx 








From Figure 13 the following flow relationships may be observed: 
fi = B + ft 
Al A2 A3 
(3) 
Bl B2 ^B3 
(4) 
H is the flow through an orifice and may be expressed by the equation 
ftls 
I d s 2Kg 
(TC-l)R 
(K+D/K-i 1 1/2 .2/K , p , ( / - i 
(5) 
ft is the flow through an orifice operated as a flapper valve and may 
be expressed by 
K -
2 
C irPd (L/2+x) 
(K+D/K-f^l/2 
^mjm n 1 
(K-DRLIP / 1P / J 
(6) 
The plus sign is for KA„ and the minus sign is for #L„. 
A2 B2 
Fl is the control flow and it also flows through an orifice 
which is actually the control port on the first stage amplifier. This 
flow may also be expressed by an orifice flow equation of the same form 
as $L . 
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Figure 13. Temperature Sensor Schematic with Notation 
ft3 = 
T 




Substituting equation (5), (6), and (7) into (3) and (4) 




Gives two equations 
Wsir/^^/^p^1 7 2 1 
C f i rdPA(L/2 + x) 
L-PA 
2/K tn . (K+D/K-i 
A0C,F 
2 d a 
2/K (K+D/K- , 1/2 
A l l / A l l 
A a 
A-C.P 
I d s 
2/K , (K-KL)/Kn 1/2 
B \ B \ 
C f i rdP B (L /2 -x ) p
 2/K . (K+l) /K 
a \ / a \ 
B ] 
WB 
2/K . (K+D/K- , 1/2 
Bl \ I _B1\ 
PB / : 
5 
5 6 7 8 9 10 11 12 
Bimetal Deflection - "X" (mils) 
Figure 14. Solution of Flow Equations 
13 14 15 
-o-
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These equations are solved for P and P in terms of x in Fig. 14. The 
values selected for the constants are: 
P = 4 . 5 p s i g = 1 9 . 2 p s i a 
s 
P = 14 .7 p s i a 
a 
P = 14 .7 p s i a 
C, = 0 . 8 
d 
C = 0 . 6 
L - 0 .03125 i n . 
d = 0 . 0 4 0 i n . 
A = ( ; r / 4 ) ( 0 . 4 0 ) 2 - 1 . 2 5 8 x l ( f 3 i n 2 . 
A2 * (0.015) (0.025) = 3.75xlG~
4 in . 
In addition to the mass flow balance in the nozzles, a force balance 
must also be made on the bimetal lever. From Blackburn (10) the air fl< 




F « h-m1] 
where 
r = radius of nozzle orifice 
P = pressure upstream of orifice 
C , = orifice coefficient 
d 
x = separation between nozzle and plate 
Substituting in the notation of the sensor diagram, Fig. 13, the 
forces on either side of the bimetal lever are 
F. • — r - ^ I 1 +1 d . 1 (11) )' i A 4 / a 
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irdV r 
Equations (11) and (12) are valid only for small values of 
2(L/2 i x)/d. When this is no longer the case, the exact law of force 
is unknown, but a limiting value for large separations is reached when 
the quantity in the brackets reaches two, as explained by Blackburn (10). 
The equation for this limiting case is; 
F = 2Trr2C P (10A) 
c 
where the contraction coefficient C is nearly unity. Figure 15 is a plot 
of equations (10) and (10A) . In order to make figure 15 a smooth curve, 
the portion of the normalized force above 1.5 is arbitrarily made symmetri-
cal to the portion below 1.5. Then, to calculate the force of equation 
(10) values of the quantity in brackets are selected from the graph for 
corresponding values of the ratio 2(L/2 i x)/d. Using the constants pre-
viously given, }\ and V... are calculated in terms of x and plotted in 
A B 
Fig. 16. Values of P. and P are found in Fig. 14 for corresponding 
A D 
values of displacement. 
The total force balance on the bimetal lever is then 
F = F - F (13) 
T A B 
where F is the force exerted by the bimetal. This force may be found 
by eliminating the unknown quantity m in the simultaneous solution of 










(11), or (12) 
2(L/2 ± x) 
d 
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Figure 18. Temperature-Pressure Response of Sensor with 




K^Lr AT (1) 
i-r 
m - ;, 
16FTr 
KDCKPCbt A T 
(2) 
Equating and solving for F 
• ' • ' 
KPcbt' 




Using the constants previously given, F is solved graphically in terms 
of AT and x in figure 16. 
The force balance of equation (13) may now be solved graphically. 
The difference, FA - FTV, is determined from figure 16 for values of x and A B 
plotted on the graph of F versus x for constant values of AT. Each point 
of intersection on this graph is a solution of equation (13) for the 
proper values of x and AT. This may be converted to P and P as a function 
A D 
of AT only by finding from figure 14 the values of P and P at the cor-
responding values of x. The resulting plot of P and P versus AT is shown 
in figure 18. This curve represents the pressure response of the tempera-




The flow and control amplifiers were both designed from models 
presented by E. M. Dexter (6), and by R. J. Reilly and F. A. Moynihan (7) 
As shown in Dexter's model, from a geometrical standpoint the 
pressure gain of an amplifier is a maximum for a receiver located from 
five to nine nozzle widths from the power nozzle. If the receiver is 




max 1 2 /\6w i M 0 
and 
Tan 9 =0.125 
max 
9 = 7.13' 
max 
Flow Amplifier 
Also from Dexter's model 
w AP 
Tan 9 = wV1 Cl5) 
o o 
and from ReillyTs non-viscous flow model 
Tan 8 - £ ' 
k I M I (16) 
o 
From equation (15) 
53 
o l c 
Substituting for K and solving equation (16) for S 
n (in - + m ) Am xv2 cl cr c 
o k tan 9 
max 







ft = — -
o Lk t 
an 9 
max 
From the Corning amplifier characteristic curves the volumetric flow rate 
3 
is approximately 0.04 ft /min. To calculate the mass flow, the air density 




and for P = 24.7 lb/in2 
T = 530°R 
R = 53.35 (ft-lb)/<lb - °R) 
m 
then p = 7 . 3 x l O ~ 5 l b / i n 3 . 
Now c a l c u l a t i n g Am 
fo .04 f t 3 ) ( 7 .3xlQ~ 5 lbW 12 in ) 




Am - 5.0 5x10 Lb/min 
c 
k is determined from equation (17) when P =10 psig and P Z 6 psig. 
Then k = 0.208. Finally solving equation (18) for ft of the flow 
-2 -4 
a m p l i f i e r : ft = 3.13x10 lb/min = 5.22x10 l b / s e c . 
The area, A , of the power orifice is calculated from compressible 
flow equations presented by Blaine W, Andersen's The Analysis and Design 
of Pneumatic Systems, equation (2.1-15). 
ft T 
A i= K V I L T <20> 
O 1 2 
For a pressure differential of 10 psig, P /P̂  = 24.7/14.7 = 1.68, 
and the corresponding values of K' and N are 0.180 and 0.990, re-
spectively, from Andersen's tables. Using a temperature of about 530°R, 
th e area, A1, of the power orifice of the flow amplifier is calculated 
to be 2.72x10 3 in2. 





w = V -
o ' 2 




D = 2w = 7.38x10 "in 
o 
w - 0.208v - 7.6 7x10 3in 
c o 
(21a) 
To calculate the output flow of the flow amplifier Reilly presents 
the following equation: 
AW = 2M — sin 9 - Am (22) 
out o w c 
o 
-2 -3 
For full jet deflection, when M - 3.13x10 Ib/min, Am 5.05x10 lb/min, J o c ' 
L/w = 6, sin 9 » 0.124, Aft _ « 4.14xl0~2lb/min. 
o ' max out 
The output to the flow amplifier is divided to drive the two 





In order to match the impedance seen by cascaded amplifiers, the 
outlet area of the first amplifier should be about the same as the total 
inlet area of the amplifier(s) immediately following. From figure 19 
A3 = 1.5A1 (23) 
and matching orifice areas 
A3 * 2A3' (24) 
then 
A^ = 0.75A1 (25) 
Substituting in the value of A previously found 
A^ = 2.04x10 Jin2 
A_ can also be determined as 
A2 = kAx (26) 




or w? = 7.67x10 in. 




Figure 19. Impedance Area Designations for Amplifiers 
S3 
Controllers 
The required mass air flow through the power orifices of the con-
trollers can be calculated from equation (18) 
2 (Am )
2 
K - k tane6 < 1 8 ) 
max 
-2 
The value of &m = AMout-/2 was found to be 2.07x10 lb/min, and the same 
value of 9 is selected for the controllers as was used in the flow am-
plifier; therefore, tan @ m a x
 = 0.125. Since the value of k is dependent 
on the flow or area and neither is known, a reasonable value of k ~ 0.2 
is selected. This will give a good gain and make it possible to calculate 
the required flow and orifice area. The required flow may be obtained 
by adjusting the hot and cold air bleed valves. Calculating the flow: 
M = 0.2931b/min = 4.89xl(T lb/sec. 
The area of the power orifice of the controllers can now be cal-
culated using equation (20). For a pressure differential of about 2 
psig, the pressure ratio becomes 
!° . 1^2 . 1#137 
P 14.7 LtXOt 
a 
For this pressure ratio, the values of K' and N-, 2
 a r e 3.109 and 0.669, 
respectively, frjm Andersen's tables. Although the temperature is dif-
ferent for the two controllers, an average value is selected as 530°R. 
Substituting these values into equation (20): 
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& /f 
A = 9 
4 K'P Nno o 12 
A. = 3.24x10 3in2. 
4 
(20) 
For an aspect ratio of 2, the power orifice dimensions may be cal-
culated from equations (21) and (21a) 
A, 
w = l^r (2D 
w = 0.0403 in. 
o 
D = 2w = 0,0805 in. (21a) 
o 




w = __ 
C 8.05x10 
w = 0.0254 in 
c 
The actual construction dimensions of the controller are shown in Figure 
20, 
Depth - 0.150 in. Scale - 2X 
Figure 20. Proportional Controller (2 each) 
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Pepth - 0.094 in. 
Scale - 2X 
All angles same as in previous figure 
Figure 21. Flow Amplifier 
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APPENDIX IV 
HEAT BALANCE EQUATIONS FOR THE TEMPERATURE CONTROLLED BOX 
The balance for the temperature controlled box can be written for two 
rent conditions: with and without an active heat source in the box. 
When the heater is off 
Q , * Q + 0 , (28) 
xcool xout xlost 
c m(T - T ) = c m(T - T ) + C(T - T ) (28a) 
p m a p o a o a 
When the heater is on 
W + Qheat " Qout + Qloat (29) 
c m(T - T ) + Q^ ^ = c m(T - T ) + G(T - T ) (29a) 
p m a heat p o a o a 
The heat output Q of the lamp used can be calculated 
(15.5v) (1.1.2a)/ w W Btu \ I 60sec 
heat \v-a/ 1054w-sec / \ min 
Q, = 0.987 ~ 1 Btu/min. 
heat 
Inserting any given set of temperature data and the value of 
heat capacity of air at constant pressure (c ), the unknowns m and C 
be calculated. It is necessary that the flow m be the same in both 




The following graphs are the actual experimental data points taken 
during the testing. As explained in Chapter IV, Tests A, B, and C were 
open-loop tests and the final test was a closed-lOOp test of the complete 
system. 
Open-loop Test A was to determine the temperature responses of the 
mixer and the box for a given pressure input applied to the right side of 
the flow amplifier. Figure 22 plots the temperature versus time responses 
for no control pressure input. When this condition reached equilibrium, 
a control pressure of 0,5 psig was entered and its response plotted in 
Figure 23. Subsequent tests at 1.0 and 1.5 psig control pressure are 
shown in Figure 24. Later in the testing a portion of Test A was repeated 
and the sensor pressure differential was recoreded in additon to the tem-
perature changes for control pressures of 1.0 and 1.5 psig. These plots 
are shown in Figures 25 and 26. 
Open-loop Test B was the same as Test A except that both the sensor 
pressure differential and the temperature responses were recorded for each 
data point. Figure 27 shows the thermal and pressure responses for a 
control pressure of 0.5 psig. Figures 28, 29 and 30 show the same 
responses for control pressure inputs of 1,0, l.g and 2.0, and 3.0 psig 
respectively. 
Test C was an open-loop test of the thermal response of the box and 
of the pressure response of the temprature sensor and pressure amplifiers 
65 
as a function of time. This response was taken as the box was heated up 
and again as it cooled to room temperature. Figure 31 shows the various 
temperatures and the output pressure differential of the sensor plotted 
against time for the box heating up. Figure 32 shows the same plots as 
the box cooled again. Eliminating the time variable, Figure 33 shows 
the temperature-pressure or input-output response of the sensor and 
pressure amplifiers as the box was heated and then cooled. 
The final test was the complete closed-loop control system. The 
data taken in this test were the same as in Test C - the three tempera-
tures and the sensor output pressure differential. This data is shown 
in Figure 34 for the box being heated, and Figure 35 for the bo x while 
cooling. From this data it is difficult to determine whether the control 
signal, T , , changes. If it does, it does not go in the proper direction. 
The lack of response of T . in Figure 34 indicates that either the gain 
r mix ° 
somewhere in the system is very low, or that an amplifier has reached 
saturation and cannot provide any further compensation. In Figure 35 
T . decreases after a while, instead of further increasing. This 
mix 
might be caused by the effect of increased control air flow mixing with 
the hot and cold air. The effect of increased control air flow attempt-
ing to cause further deflection of the power jet may actually be neutral-
izing the temperature of T . . 
mix 
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Figure 22. Test A, Open-Loop Temperature Response for no 
Input Pressure. Box Approaching Equilibrium 
from Room Temperature 
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Figure 23. Test A, Open-Loop Temperature Response for Input 
Pressure of 0.5 psig 
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24. Test A, Open-Loop Temperature Response for Input 
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Figure 25, Test A, Open-Loop Temperature and Sensor 
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Figure 26. Test A, Open-Loop Temperature and Sensor Response 
for an input of 1.5 psig 
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27. Test B, Open-Loop Temperature and Sensor 
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Figure 28. Test B, Open-Loop Temperature and Sensor Response 
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Figure 29. Test B, Open-Loop Temperature aned Sensor Response 
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Figure 30. Test B, Open-Loop Temperature and Sensor Response 
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Test C, Open-Loop Temperature and Pressure Response of Box 
Heating from Room Temperature With Heater On. No Control 
Pressure Into the Flow Amplifier 
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Figure 32. Test C, Open-Loop Temperature and Pressure Response of Box Cooling 
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PHOTOGRAPHS OF EQUIPMENT 
The following photographs show the experimental equipment as it 
was set up during the testing. Much of the equipment is set up on a tem-
poroary basis for testing and is not meant to be for pemanent installation. 
Figure 36 shows the entire equipment setup. The perforated metal 
mounting board is from a Corning FLUIDIKIT and is used to mount the amplifier 
stages and gauges for pressure monitoring. (See the close-up in Figure 37.) 
The wooden board on the tabel is the mounting for the main components of 
the system — the Hilsch tube and controllers (see Figure 38). The temper-
ature sensor and mixing tube shown on the table are inserted in the container 
where the temperature is to be monitored. These are also shown in the 
clos-up, Figure 38. 
Figure 37 is a close-up of the amplifiers and pressure gauges. From 
top to bottom are shown the first and second stage pressure amplifiers 
(Coming proportional amplifiers), the flow amplifier, and the five pressure 
gauges from the FLUIDIKIT. The power relay on the left of the board is part 
of the FLUIDIKIT and is not a part of the circuit. The device in the top 
center of the board is a manifold for distribution of the control pressure. 
Figure 38 is a close-up of the main system components. The white 
tube across the top of the board is the Hilsch Tube. The clamp on the vortex 
section is a temporary measure to eliminate pressure leaks developed in the 
latter stages of testing. The clamp on the rubber tubing section is for 
adjustment of the back pressure. The two hot and cold air controllers are 
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shown mounted on the board, the hot on the left and cold on the right. 
The hot and cold output tubes from the controllers are shown joining in 
the mixing tube. The mixing tube was developed for testing purposes so 
that the mixing temperature of the air entering the box could be measured 
by the thermocouple shown inside the tube. In the lower right hand corner 
is the temperature sensor. Its spiral bimetal and two nozzles can be 
easily seen. The two clamps shown sticking from behind the board on 
either side are the exhaust valves which make it possible to balance the 
hot and cold air supplied to the controllers, as noted to Chapter III. 
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Figure 36 - Laboratory set-up of temperature control system. 
Box not shown. 
Figure 37 - Close-up of pressure amplifiers, flow amplifier, and pressure gauges 
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